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Abstract: Abiotic stresses at different growth stages in the life of plants negatively affect yield productivity. Therefore, plants, including Amaranthus hypochondriacus, develop adaptive strategies to face the stresses and expand functional diversification. In plants, the mitochondrial transcription termination factors (mTERF) are essential functions in regulation, and organelles (mitochondria and chloroplasts) control gene expression (OGE) under several stress conditions. Based on the in-silico-wide genome and transcriptome analysis, twenty-four mTERF genes were detected in the main targeted mitochondria organelles clustered into three different main groups. The chromosomal location and gene duplication analysis indicated one segmental and one tandem duplication in the genome. The promoter region cis-elements assessment showed that there wasa high correlation between the growth and development process, stress, and hormone responses of these genes. Expression profiling of mTERF genes under salt stress revealed a total number of 24 gene families with seven upregulated and 6 down-regulated genes in drought and salt stress. However, Ah-mTERF-8 and 14 indicated up-regulation under drought stress. Ah-mTERF-4, 6, 14, 15, 17, and 20 were up-regulated under salt stress. Molecular characterization and identification through the in-silico study of the specific genes and their differential expression profiling demonstrated the role of mTERF proteins throughout their reaction to growth and development, during stress in A. hypochondriacus. These results demonstrated that mTERF genes were significantly related to the abiotic stress responses.
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1  Introduction

The Amaranthus hypochondriacus is an allotetraploid (2n = 4X = 32) and a C4 dicotyledonous plant. Since A. hypochondriacus is a protein-rich and gluten-free pseudocereal, it is considered a supplemental diet yield [1–3]. The grains are a source of various nutritional elements and green leaves contain several phenolics, hydroxyl-containing oxidants, and other phytochemicals like flavonoids like quercetin, apigenin, taxifolin (di-hydro quercetin), caffeic, ferulic, acids with medicinal and anti-nutraceutical properties important for celiac patients and are used in the manufacture of a gluten-free diet and are among highly nutritious pseudocereals having a high seed protein that is higher in fiber compared to most of the grain cereals [3–5].

All over the world species from the genus, Amaranthus is also evaluated as a leaf vegetable and ornamental plant [4,5]. Furthermore, it is a highly desirable agronomic crop that displays tolerance to heat, drought, salt, salinity, pests, and diseases [6]. Therefore, it can only offer a viable alternative to cereals and considerably withstand drought stress but also be helpful for the identification of candidate genes associated with adverse abiotic stress [7]. Very few studies are reported on the molecular level describing its defense mechanisms against abiotic stresses [8,9].

There are several complex molecular events with several mechanisms that involve the expression of genes responding to undesirable environmental conditions [10,11]. Recently, genome sequencing studies related to A. hypochondriacus have led to the establishment of the basics for genetic improvement, enhanced food security, and identification of gene families related to tolerance against different stresses [11]. Transcription factor (T.F.) gene families have vital functions in almost every plant to induce tolerance against stress-related biological operations, which are the main regulators of several signaling networks. In addition, the T.F. genes are also responsible for plant growth, development, and tolerance for biotic and abiotic stresses via binding promoter regions [12–14]. After identifying several T.F. gene families exclusively present in eukaryotes, the Mitochondrial Transcription Termination Factor (mTERF) family is specified in metazoans. They have four mTERF1-4 different subfamilies with these proteins identified and characterized by repetition of basic regions consisting of 30 conserved amino acid residues motif with several functions according to the number and location [15–17]. mTERF genes reside in the nucleus and encode proteins that target mitochondrial and chloroplast genomes to control transcription genes [18,19]. Due to the mitochondrial gene expression in plants, it is vital for photosynthesis, cellular respiration, and growth which are essential for increasing stress resistance [20,21].

Previous studies have illustrated that different plant species have several mTERF proteins, with genes regulated by stress, phytohormones, light/dark, and salt stress responses [22]. This research aims to define and characterize the mTERF gene family in A. hypochondriacus and recognize their role in defense under abiotic stress. The rest of the manuscript is organized as follows: Section 2, Materials and methods; Section 3, Results and Analysis; Section 4, Discussion; Section 5, Conclusion.

2  Materials and Methods

2.1 Identification of mTERF Proteins in A. hypochondriacus, Sequence Alignment

mTERF protein sequences in the A. hypochondriacus genome were attained from the Phytozome online database v13 using a keyword search tool with Pfam ID number PF02536 obtained from the link: “http://pfam.sanger.ac.uk”. To identify and characterize all mTERF sequences in the A. hypochondriacus genome [11], A. thaliana [23,24] and quinoa [25] genomes were screened using the blast in the Phytozome database v13. All possible mTERF proteins were searched with the Hidden Markov models (HMM) with known default parameters [14]. Whole predicted hit values of <1.0 were collected and all non-redundant nucleotides were noted using the EXPASY web tool.

Nonredundant protein was checked for the presence of mTERF conserved domain by using Pfam and SMART tools [26]. Molecular weight, isoelectric points range, and instability of protein index were estimated with ProtParam Web Tool.

2.2 Gene’s Structure, Duplication, Physical Location, and Phylogenetic Analysis, of Ah-mTERF

Characterization of the intron and exon organizations of mTERF genes were detected by comparing their genome and full-length cDNA, using the Gene Structure Display Server v2.0 tool (GSDS,) [27]. Genes duplication was detected according to Yang et al. [28], who noted that the coding sequences alignment covered 70% of the longest genes with the identification of 70% amino acids detecting sequences and possible segmental and tandem duplicated genes by utilizing Plant Genome Duplication Database tools [21]. Chromosomal locations of mTERF genes were identified by Phytozome database v13 and plotted on A. hypochondriacus chromosomes using MapChart [29].

Phylogenetic analysis and tree constructs were performed using MEGA v7 through Neighbor-joining Method (N.J.) and clustering was rated with 1000 bootstrap replicates followed by multiple sequence alignments by employing ClustalW [30–32].

2.3 Determination of the Conserved Motifs

To find conserved protein, Ah-mTERF motifs utilized the Multiple EM for Motif Elicitation (MEME) web tool [33]. The minimum/maximum boundaries, the motifs numbers, and the motif zone range were used as modification parameters defined by Ilhan et al. [34]. The scattering area was adjusted with random repeated numbers. The detected motifs were skimmed via InterPro online database with default settings [35]. Besides, the WEB LOGO online web tool was used to visualize the preserved section sequence analysis [36].

2.4 Promoter Analyzes and Subcellular Localization of Ah-mTERF Gene Family

Cis-acting component analysis of A. hypochondriacus mTERF gene family members was carried out within 5’ upstream gene regions comprising approximately 2 kb nucleotide sequences through the database of PlantCARE [37]. The phenogram was visualized using TBTools software [38]. WoLF PSORT online software was used for the prediction of their subcellular localization.

2.5 The Orthologous Relationships

The gene duplication events were investigated between A. hypochondriacs, A. thaliana, and C. quinoa by MCScanX (The Multiple Collinearity Scan Toolkit). The substitution rates of Ka (non-synonymous substitution rate), Ks (synonymous substitution rate), and Ka/Ks between duplicate pairs of mTERF genes were computed utilizing a synteny map via TBTools [38]. Formula T = Ks/2λ (λ = 6.56E-9) was employed for the estimation of the Time (million years ago, Mya) of divergence and duplication of each mTERF gene [39].

2.6 Transcriptome Data Analysis of mTERF Gene Expression Profiling

Expression profiling analysis of mTERF genes was performed by utilizing Roche 454 RNA-seq data, obtained from NCBI Sequence Read Archive (SRA) to evaluate the A. hypochondriacus mTERF gene expression profiles. Therefore, accession of SRR172678, SRR172677, and SRR172675, belonging to the salt stress, water deficit, and control groups, respectively, were used [40]. All raw readings were downloaded in an individual (single) SRA file split into 2 paired-end files, followed by conversion to fastq, data type via NCBI-SRA Toolkit. The quality control evaluation with FastQC and clear readings were obtained by discarding low-quality reads, followed by mapping the read to the A. hypochondriacus genome (PHYTOZOME v13.1). The gene expression values normalization was adjusted through Reads Per Kilobase of Exon Per Million Reads Mapped) (RPKM) algorithm [41], using CLC Genomics Workbench 21 tool. Finally, hierarchical clustering heat maps were produced using the CIMminer tool with log2 RPKM values.

3  Results

3.1 Identification of the mTERF Gene Family

All putative mTERF protein sequences were obtained from A. hypochondriacus, Arabidopsis thaliana, and C. quinoa genomes from Phytozome Database v13. A total of 24 putative Ah-mTERF genes were detected in the genome of A. hypochondriacus. Additionally, the mTERF domain in the obtained peptide sequences was confirmed by HMM analyses and refined through Pfam and SMART conserved motif searches. This process led to confirming the presence of the mTERF domain. The total 24 identified Ah-mTERF gene family members were named from Ah-mTERF-1 to Ah-mTERF-24 as per their sequence on the chromosomes.

Furthermore, some important information about this gene family is given in Table 1. The length of the identified Ah-mTERF proteins ranged from 153 to 826 amino acid residues along with a molecular weight range of 18.03-94.35 kDa. The minimum and maximum theoretical isoelectric points (pI) of 24 putative Ah-mTERF proteins were 5.54 and 9.80, respectively. Finally, the instability index range was calculated between 26.17 and 53.07 (Table 1).
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3.2 Genes Structure, Gene Duplication, Chromosomal Distribution, and Phylogenetic Analysis of Ah-mTERF

The Gene structure of 24 Ah-mTERF genes was analyzed by GSDS v2.0 and represented in Fig. 1. The results showed that the lowest and highest number of introns varied between one to nine; the lowest number of introns was determined in Ah-mTERF-7, 13, 14, 15, 16, and 21 while the highest number of 9 introns was present in Ah-mTERF-9 gene. Furthermore, through phylogenetic analysis, these 24 genes were accommodated under 3 clusters as A, B, C. Cluster A with 13 members is the most crowded group followed by the presence of 7 members in cluster B and 2 other members in cluster C (the smallest Ah-mTERF genes group). The highest number of exons were detected in cluster B-Ah-mTERF-9 gene as 10. While the lowest number of exons with a range of 1–3 was observed in cluster A having 14 mTERF genes. It was also observed that 13 mTERF genes did not employ any intron region among all clusters. The longest intron in terms of sequence length was present in group A and was named Ah-mTERF-17.
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Figure 1: Phylogenetic relationship and Exon/intron organization in Ah-mTERF

The chromosome mapping analysis was performed on the MapChart tool to explore genetic variations in the Ah-mTERF gene family. The result indicated that all members were disproportionally distributed on 11 Scaffolds with the highest number of 4 genes equally distributed on Scaffolds 1 and 5, while the other 3 Ah-mTERF genes were distributed on Scaffold 8. It was followed equally by 2 genes each located on Scaffolds 4, 7, 10, 12, and 15, and at least one gene located on Scaffolds 9, 6, and 3 (Table 1, Fig. 2).
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Figure 2: Chromosomal distribution of 24 Ah-mTERF genes and gene duplication events of Ah-mTERF genes. The red boxes indicate segmentally- and the blue boxes indicate tandemly duplicated genes

Gene or genome duplications contribute to genomic evolution. Both tandemly and segmentally duplicated gene pairs were identified among all Ah-mTERF genes during A. hypochondriacus evolution in this research (Table 2, Fig. 2). A tandemly duplicated gene pair (Ah-mTERF-19 and 20) was found on Scaffold 10. Besides, a segmental or whole genome duplication was determined between Ah-mTERF-15 and Ah-mTERF-4 gene pair (Fig. 2).
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The ratio of Ka/Ks > 1 and Ka/Ks = 1 values show positive selection and neutral selection, respectively [42,43]. However, a ratio Ka/Ka < 1 value in duplication events indicates a purifying selection effect [44]. Ka/Ks values of duplicated mTERF gene pairs in A. hypochondriacus under purifying selection pressure were calculated using TBTools.

These results demonstrated that the Ka/Ks ratio in tandemly duplicated (Ah-mTERF-19 and Ah-mTERF-23) and segmentally duplicated gene pairs were calculated as 0,500 and 0,455, respectively. Since the average of the Ka/Ks < 1, Ah-mTERF genes were under purifying selection pressure (Table 2).

To analyze the mTERF genes’ phylogenetic relationship in A. hypochondriacus, Arabidopsis thaliana, and Chenopodium quinoa, a phylogenetic tree was formed utilizing the MEGA v7 (Neighbor-Joining) (Fig. 3). The mTERF genes were grouped into 11 distinct clusters. The structural features of these 11 clusters showed that cluster XI was the largest cluster with 33 members while the smallest clusters were I, II, III, and VII with 4 members. Moreover, cluster X contained the highest number of Ah-mTERF genes with 6 members.
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Figure 3: A phylogenetic tree of A. hypochondriacus, Arabidopsis thaliana, and Chenopodium quinoa Willd. mTERF proteins, Using MEGA v7 and Neighbor-joining (N.J.) algorithm with 1000 replicated-bootstrap values

The lowest number of Ah-mTERF protein was in Group IX. The mTERF proteins in the same Group were closely related in the evolutionary relationships. The subcellular localization analysis results showed that the locations of Ah-mTERF-1, 3, 5, 6, 11,12, 13, 14, 15, 16 proteins and Ah-mTERF-2, 8, 18 were found in the nucleus and mitochondria, respectively. Furthermore, some of them were located in others organe such as chloroplasts, endonuclease reticulum, Golgi and vacuoles. With cis-acting elements analysis result showed that different groups such as: response elements, (TGACG-motif and CGTCA-motif, ABA-responsive; ERE, ABRE), development and growth elements (CAT-box (meristem expression), RY-element (seed-regulation element), stress-related regulatory elements (TC-rich repeats (defense and stress), LTR (low-temperature), MYB, MBS (MYB binding sites involved in drought-inducibility), DRE core (DREB region binding sites related drought, low temperature, salt, ABA responses), MYC, W box, GC-motif (anoxic), and ARE (anaerobic)), light-response elements (ATCT-motif and AE-box) and motif elements associated with endosperm and meristem expression (GCN4_motif and CAT-box) in Ah-mTERF promotore region. According to the promotor analyses, the highest and the lowest number of cis-acting elements with 438 and 117 were noted in the Ah-mTERF-22 and Ah-mTERF-12, respectively (Fig. 4).

[image: images]

Figure 4: Promotor (Cis-acting element) analysis of Ah-mTERF genes

3.3 The Orthologous Relationships

The orthologous association of A. hypochondriacus, Arabidopsis thaliana, and Quinoa (Chenopodium quinoa) in the mTERF genes was searched by the MCScanX using default parameters. To show the selection pressure in the evolutionary process, the Ka/Ks values of each orthologous gene pair were calculated. It can be said that they have ratios varying between 0.077 and 0.408 among the gene pairs with calculated values and strong purifying selection pressure. In addition, it seems like Amaranthus and Arabidopsis diverged from each other earlier in the evolutionary process. On the other hand, the high number of orthologous gene pairs between Amaranthus and quinoa could be these two species diverged more recently from each other in the evolutionary process and that these two species are in the same family taxonomically (Fig. 5, Table 3).
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Figure 5: The orthologous relationships among A. hypochondriacus, A. thaliana (a) and A. hypochondriacus /C. quinoa (b). Black curves represented the syntenic relationships between A. hypochondriacus, C. quinoa, and A. thaliana mTERF genes
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3.4 Identification of Conserved Motifs

The MEME 5.0.5 online tool was utilized to distinguish the conserved motifs of Ah-mTERF proteins [33]. The results indicated that a total of 10 conserved motifs with lengths in the range of 15 to 29 amino acids were observed. Motif 1 with Motif 2 were defined in all Ah-mTERF proteins except the Ah-mTERF- 6. Motif 10 was found in Ah-mTERF-1, 3, 9, 11, 14, 15, 16, and 23. Therefore, out of 24 proteins, 17 of them comprised a combination of motif 1, motif 2, and motif 10. According to this classification, Ah-mTERF-19, 20, and 22 included all motifs except motif 10.

Moreover, Ah-mTERF-12 and 17 included all motifs, except motifs 10 and 5. Motif number 9 with 29 amino acids was identified as the longest motif. It was the most repeated motif shown in 5 proteins with a single repeat (Table 4 and Fig. 6). The domains of these motifs could not be predicted in InterPro scans using the detected motif sequences.
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Figure 6: Conserved motif, and gene structure analysis of Ah-mTERFs

3.5 In Silico Ah-mTERF Stress-Responsive Gene Expression Analysis under Stresses

Previous studies showed that mTERF had an essential role in abiotic stress-responsive patterns in plants. For the comprehensive mTERF genes RNAseq data analysis of this research, the SRA database was utilized. The mTERF genes RNAseq results were gathered under a heat map. The heat map exhibited Ah-mTERF under drought and salt stresses (Fig. 7). The expression levels of 7 Ah-mTERF-3, 4, 5, 16, 18, and 24 were up-regulated and expression levels of 6 genes, such as Ah-mTERF-2, 9, 10, 11, 13, 21 were down-regulated and 5 of them Ah-mTERF-1, 7, 12, 19, 23 without any significant differential expression under both drought and salt stress conditions; whereas, 2 putative drought stress Ah-mTERF genes (namely Ah-mTERF-8 and 14) increased under drought stresses and these genes did not respond to salt stress. Additionally, Ah-mTERF-6, 15, 17, and 20 decreased under salt stresses compared to the control samples and did not respond to drought stress. Therefore, these genes were putative salt stress genes among them. The expression levels of the Ah-mTERF-22 gene were increased under drought stress and decreased under salt stress and were found related to both drought and salt stress (Fig. 7).
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Figure 7: Expression profiles of Ah-mTERFs under the different stresses

4  Discussion

While Families of plant mTERF genes have a crucial contribution to developmental processes [20] and stress responses, their primary roles are still ambiguous. Thus, it is essential to characterize and identify more of the mTERF gene family members for other species, including A. hypochondriacus. Identification and characterization of the mTERF transcription factors family in the A. hypochondriacus genome using bioinformatic techniques indicated that there are 24 potential mTERF genes at the genome level. The chromosomal distribution and location analysis showed that 24 potential mTERF genes were positioned on the 11th scaffold of A. hypochondriacus.

The mTERF gene family had been observed in various plant species, like Carica papaya [17], Arabidopsis thaliana [20], Capsicum annuum or pepper [18], Vitis vinifera [19], Zea mays and Oryza sativa [22], with the number of 21, 35, 35, 25, 31, 30 genes had been in the same sequence. The Maximum mTERF genes were detected with 51 genes in Populus trichocarpa [45]. Thus, the considerable number of mTERF variation motifs for diverse plant species may be associated with functional dissimilarities among mTERF gene family members.

Gene duplications are very important in the independent mechanisms ending up with segmental and tandem duplication, including novel functions, the evolution of related close genes, gene expansion, and enhancing stress tolerance [46,47]. Our results revealed that segmental and tandem duplication events contributed to mTERF gene expansion in the A. hypochondriacus genome, and similar results were examined for maize and other crops [20,22,47]. The Ka/Ks ratio indicates the gene selection pressure of the protein-coding. According to the Ka/Ks ratio, the gene pair duplication was less than 1, revealing the evolution of Ah-mTERF gene pairs through purifying selection.

Moreover, Ah-mTERF gene structure analysis showed that 13 out of 24 Ah-mTERF genes had 0 introns while 11 out of 24 Ah-mTERF genes had different numbers of introns which varies from 1 to 9. Previous studies had confirmed that many mTERF genes did not contain introns in maize which is compatible with our results [22]. Other studies had also reported that Vitis vinifera, Oryza sp., and Arabidopsis had introns similar to our results [19,48].

The cluster relationships analysis between mTERFs of A. hypochondriacus is also worth discussing. In our analysis, all Ah-mTERF genes were graded into three subclasses to observe highly conserved features of mTERFs within each subclass with similar functions. The genes detected in the subclass were identical to their structure, indicating high conservation. Furthermore, evolutionary relationships among phylogenetic trees were clustered into eight groups that shared a close evolutionary relationship with mTERF amino acid sequences with Quinoa in contrast to more distantly related Arabidopsis according to the phylogenetic tree. This indicated that Ah-mTERF genes were highly preserved throughout the evolutionary process. It was also noted that the Ah-mTERF proteins between the participants of the same cluster had similar preserved motifs, showing that Ah-mTERF proteins in the same cluster had identical functions.

The functions of several mTERFs in Arabidopsis, capsicum, and maize were approved. For example, Ah-mTERF-5, 9, 10, and 11 were noted to have participatory roles in resistance pathways for many abiotic stresses, and Ah-mTERF-5, 9, and 10 had functions during ABA regulation [49,15]. Ah-mTERF-1 and 6 were involved in the biogenesis of chloroplast with a role in the induction of leaf color [50], by removing the Ah-mTERF-18 loss of function, the mTERF mutant phenotype was detected inducing dark green laminal color, reduced ROS formation, high heat tolerance, upregulation of several mitochondrial respiratory functions and many genes involved in abiotic stress-response [51]. It was detected that the expression levels of 12 Ah-mTERFs as a Ah-mTERF-3, 4, 5, 16, 18, 24, 2, 9, 10, 11, 13, and 21 defining differential expression levels across drought stress and salt treatments. Kim et al. [52] had reported different functions and decreased expression profiles of Ah-mTERF-1 and 7 after subjecting them to biotic stresses. Yin et al. [53] had indicated that the Ah-m-TERF-21 gene was increased under salt and cold stress for RNA-seq studies in barley. Analysis in Fig. 7 has depicted tissue-specific expression of Ah-TERFs in plants subjected to different types of stresses. The expression level of several plant mTERFs had a role in regulatory functions related to responsive stress resistance genes and affected the overall plant stress; therefore, it was demonstrated to regulate ABA salt stress tolerance and pathways [15].

5  Conclusion

24 mTERF gene family members of the A. hypochondriacus genome were identified in this study using in silico methodologies. These weredistributed in 11 different scaffolds. The analysis of gene expression results performed under drought and salt conditions determined that Ah-mTERF genes may have different levels of expression under different kinds of stress treatments. The current study provided invaluable information to understand and classify the functions of mTERF genes in the A. hypochondriacus.
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Table 1: The information about Protein length, molecular weight, Theoretical 1soelectric points, Instability
index, and subcellular localization of the Ah-mTERF gene

Gene ID Phytozome ID  Chromosomal  Start End Strand aa  Molecular  pl Instability ~ Stabil/ Subcellular localization
location weight Index Unstable
(kDa)
Ah-mTERF-1  AHO000120-RA  Scaffold 1 1142600 1143596 + 331 38.73 9.16 52.55 Unstable chlo: 6.5, nucl: 4,
chlo_mito: 4, cyto: 2, extr: 1

Ah-mTERF-2  AH000563-RA  Scaffold 1 6017582 6018425 280 32.11 9.07 52.94 Unstable chlo: 8.5, chlo_mito:
7.33333, mito: 5,
cyto_mito: 3.33333

Ah-mTERF-3  AH000569-RA  Scaffold 1 6087530 6093619 + 638 73.47 9.18 46.82 Unstable chlo: 12, nucl: 1, plas: 1

Ah-mTERF-4  AH000950-RA  Scaffold 1 14163323 14164226 — 300 34.36 945 27.76 Stable nucl: 4, cyto: 4, pero: 2,
mito: 1.5, cyto_mito: 1.5,
chlo: 1, plas: 1

Ah-mTERF-5  AH005893-RA  Scaffold 3 14599506 14608248 — 510 58.27 9.29 4149 Unstable chlo: 13, nucl: 1

Ah-mTERF-6  AH006852-RA  Scaffold_4 4200195 4201431 - 411 47.23 8.36 41.89 Unstable cyto: 12, nucl: 2

Ah-mTERF-7  AHO008278-RA Scaffold 4 28168361 28171907 + 293 33.59 946 4528 Unstable chlo: 7, nucl: 2, mito: 2,
cyto: 1, vacu: 1, ER.: 1

Ah-mTERF-8  AH008563-RA  Scaffold_5 2743848 2749626 — 598 68.01 8.95 46.70 Unstable chlo: 12.5, chlo_mito: 7.5,
mito: 1.5

Ah-mTERF-9  AH008573-RA  Scaffold_5 2871990 2887061 — 775 86.91 7.04 40.65 Unstable plas: 10, E.R.: 3, chlo: 1

Ah-mTERF-10  AH008767-RA  Scaffold_5 5385266 5386427 + 386 43.71 9.37 33.64 stable mito: 6, chlo_mito:
5.83333, chlo: 4.5,
cyto_mito: 3.83333,
nucl: 1, cyto: 1, plas: 1

Ah-mTERF-11 AH009043-RA  Scaffold 5 11578601 11580613 — 566 65.27 821 32.63 Stable chlo: 9, nucl: 1, cyto: 1,
plas: 1, extr: 1, ER.: 1

Ah-mTERF-12  AH010680-RA  Scaffold_6 18554829 18557313 + 319 37.13 9.73 51.99 unstable nucl: 8, cyto: 5, ER.: 1

Ah-mTERF-13 AHO11694-RA  Scaffold 7 14365569 14372237 - 212 2432 5.54 4824 Unstable chlo: 7, pero: 3, nucl: 2.5,
cyto_nucl: 2, golg: 1

Ah-mTERF-14 AHO11901-RA  Scaffold 7 18051832 18053492 - 505 57.30 7.13 4532 Unstable nucl: 6, cyto: 6, chlo: 1,
golg: 1

Ah-mTERF-15 AHO012456-RA  Scaffold_8 283979 285048 - 228 26.42 9.67 39.96 Stable cyto_nucl: 5, nucl: 4.5,
cyto: 4.5, chlo: 2, cysk: 2,
extr: 1

Ah-mTERF-16 AHO012607-RA  Scaffold 8 1747795 1749381 — 504 57.18 6.04 46.74 Unstable cyto: 7, chlo: 5, nucl: 1,
pero: 1

Ah-mTERF-17 AHO013136-RA  Scaffold_8 6751252 6752806 — 290 33.80 9.52 46.25 Unstable chlo: 10, cyto: 2, E.R.: 2

Ah-mTERF-18 AHO014698-RA Scaffold 9 16138092 16139506 + 298 33.58 921 37.49 Stable chlo: 8, extr: 3, cyto: 1,
mito: 1, ER.: 1

Ah-mTERF-19 AHO015771-RA  Scaffold_10 12327223 12328399 + 391 45.55 9.42 4736 Unstable mito: 6.5, chlo: 6,
cyto_mito: 4, nucl: 1

Ah-mTERF-20 AHO015772-RA  Scaffold_10 12339047 12342002 - 401 46.87 9.61 4590 Unstable mito: 5.5, nucl: 4,
cyto_mito: 3.5, chlo: 3,
golg plas: 1

Ah-mTERF-21 AHO18172-RA  Scaffold 12 1919980 1920573 — 155 17.90 6.9 2994 Stable cyto: 9, extr: 3, nucl: 1,
cysk: 1

Ah-mTERF-22 AHO019050-RA  Scaffold 12 14891414 14894228 -— 397 46.02 948 51.84 Unstable mito: 6.5, cyto_mito: 4,
chlo: 3, nucl: 3, golg_plas: 1

Ah-mTERF-23  AHO021712-RA  Scaffold_15 296985 297477 + 163 18.90 9.37 2439 Stable nucl: 11, vacu: 2, cyto: 1

Ah-mTERF-24 AH021769-RA  Scaffold 15 794905 796795 - 379 4321 9.36 48.26 Unstable nucl: 6, cyto: 5, chlo: 2.5,

chlo_mito: 2

Note: +: Forward strand, —: Reverse strand.
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Table 3: Ka, Ks, and Ka/Ks values, Selection pressure among A. hypochondriacus, C. quinoa, and A. thaliana

orthologous genes

Gene 1 Gene 2 Ka Ks Ka/Ks Selection pressure
A. hypochondriacus C. quinoa

Ah-mTERF-2 AUR62011331 0,215 1,001 0,215 Purifying
Ah-mTERF-2 AUR62016730 0,149 0,939 0,159 Purifying
Ah-mTERF-3 AUR62011322 0,098 0,740 0,132 Purifying
Ah-mTERF-4 AUR62013212 0,064 0,841 0,077 Purifying
Ah-mTERF-6 AUR62024319 0,200 0,601 0,333 Purifying
Ah-mTERF-7 AUR62017060 0,051 0,534 0,096 Purifying
Ah-mTERF-10 AUR62027731 0,284 0,814 0,349 Purifying
Ah-mTERF-10 AUR62018915 0,265 0,843 0,314 Purifying
Ah-mTERF-11 AUR62023431 0,212 0,735 0,289 Purifying
Ah-mTERF-11 AUR62013723 0,215 0,717 0,300 Purifying
Ah-mTERF-12 AUR62035531 0,315 0,771 0,408 Purifying
Ah-mTERF-12 AUR62041650 0,298 0,872 0,342 Purifying
Ah-mTERF-15 AUR62029735 0,380 1,289 0,295 Purifying
Ah-mTERF-18 AUR62002686 0,140 1,020 0,137 Purifying
A. hypochondriacus A. thaliana

Ah-mTERF-3 AT2G21710.1 0,316 4,995 0,063 Purifying
Ah-mTERF-6 AT5G06810.1 0,489 1,793 0,273 Purifying
Ah-mTERF-T7 AT5G55580.1 0,163 NaN NaN Puritying
Ah-mTERF-18 AT2G34620.1 0,254 NaN NaN Puritying
Ah-mTERF-24 AT2G36000.1 0,475 2,464 0,193 Purifying
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Table 4: Profile of putative motifs in Ah-TERFs

ID Width Best possible match

Motif-1 15 PQILGYSIEKNMKPR

Motif-2 15 YLKSMGWSKDDIGRM

Motif-3 21 FRRCPQCFCCSEAKLKQGMDY

Motif-4 21 WMLNMPEHVFIHRYVTKYSDT

Motif-5 28 MGIPPDHPMYIHAIRVMNSLSEESWERK
Motif-6 21 AIRRGPWILTADWENMQQNLD

Motif-7 24 HQHLMERGVHCPLNDMLACSDHEF
Motif-8 15 YLVQEMGRPIQEVVE

Motif-9 29 SNQSFCIQYLTNSCGLSLHSAISISKKVT
Motif-10 21 IHFFKENGFSGCHIPQFIVKY
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Table 2: Ka, Ks, Ka/Ks values, Selection pressure, and duplication type of Ah-mTERF's

Gene 1 Gene 2 Ka Ks Ka/Ks  Selection pressure  Duplication type
Ah-mTERF-19  Ah-mTERF-20 0,154 0,308 0,500 Purifying Tandem
Ah-mTERF-4 Ah-mTERF-23 0,261 0,574 0,455 Purifying WGD/Segmental

Note: Ka, non-synonymous substitution rate; Ks, synonymous substitution rate.
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